The aim of this research was to assess dermal and respiratory exposure of workers to imidacloprid during manual operations with ornamental plants previously treated in greenhouses or tunnels. A total of 10 female workers, 5 in greenhouses and 5 in tunnels, were monitored for 3 or 5 consecutive days. Actual skin contamination, excluding hands, was evaluated using nine filter paper pads placed directly on the skin. To evaluate the efficacy of protective clothing in reducing occupational exposure we also placed four pads on top of the outer clothing. Hand contamination was evaluated by washing with 95% ethanol. Respiratory exposure was evaluated by personal air sampling. Respiratory dose was calculated on the basis of a lung ventilation of 15 l/min. Absorbed doses were calculated assuming a skin penetration of 10% and a respiratory retention of 100%. Dislodgeable foliar residues (DFRs) were determined during the days of re-entry in order to determine the dermal transfer factor. From the dependence of dermal exposure of hands from DFRs, a mean transfer factor was estimated to be 36.4 cm 2 /h. Imidacloprid was determined by liquid chromatography with selective mass detection and electrospray interface in all matrices analysed. Respiratory dose was 4.1 ± 4.0 (0.1-14.3)% and 3.0 ± 2.0 (0.6-6.9)% (mean ± SD (range)) of the total real dose during work in tunnels and greenhouses, respectively. The estimated absorbed doses, 0.29 ± 0.45 mg/kg (0.06-2.25 mg/kg) body weight and 0.32±0.18 mg/kg (0.07-0.66 mg/kg) body weight (mean±SD (range)) in tunnels and in greenhouses, respectively, were less than the acceptable operator exposure level of 0.15 mg/kg body weight and than the acceptable daily intake of 0.05 mg/kg body weight. The hands and exposed skin of all workers were found to be contaminated, indicating that greater precautions, such as daily changing of gloves and clothing, are necessary to reduce skin exposure.
is a systemic chloronicotine insecticide applied to leaves, seeds and soil. It is widely used to treat rice, cereals, maize, potatoes, vegetables, sugarbeet, fruit trees, cotton, hops and grass. It acts systemically, especially if seeds and soil are treated (Kidd and James, 1991) .
Imidacloprid is moderately toxic: its oral LD 50 (dose lethal to 50% of animals tested) is 450 mg/kg body weight (b.w.) in rats (Meister, 1994) and 131 mg/kg b.w. in mice (Kidd and James, 1991) ; its dermal LD 50 after 24 h of application is 45000 mg/kg b.w. in rats. The compound is considered nonirritating for eyes and skin (rabbits) and non-sensitizing for the skin (guinea pig) (Kidd and James, 1991) . Respiratory acute toxicity tests showed an LD 50 469 mg/m 3 as aerosol and 45323 mg/m 3 as powder (Kidd and James, 1991) . Several cases of poisoning have been reported in the literature (Wu et al., 2001; Proenca et al., 2005) . Signs and symptoms were similar to those of nicotine compounds, including fatigue, cramps and muscle weakness, also affecting respiratory muscles (Doull et al., 1991 ). The no observed effect level (NOEL) in rats after experimental administration in the diet for 2 years at concentrations up to 1800 p.p.m., was 100 p.p.m. (5.7 mg/kg b.w. for males, 7.6 mg/kg b.w. for females). In studies lasting 1 year with dogs, the NOEL was 1250 p.p.m. (41 mg/kg b.w.; U. S. Federal Register, 1995) . A NOEL of 100 p.p.m. (8 mg/kg b.w.) for reproductive effects was reported in rats (U.S. Federal Register, 1995) . Imidacloprid is considered slightly mutagenic and to have a low risk of carcinogenic effects: it is classified by U.S. Environmental Protection Agency in group E ''evidence of non-carcinogenicity in humans''. With regard to organ toxicity, high doses of the compound are associated with thyroid lesions (U. S. Federal Register, 1995) .
Imidacloprid is quickly and completely absorbed in the gastrointestinal tract and eliminated with urine and feces (70-80% and 20-30%, respectively, within 48 h). The principal metabolic step is breakdown to 6-chloronicotinic acid, a compound that acts on the central nervous system and may be conjugated with glycine and eliminated or reduced to guanidine (Kidd and James, 1991) .
The half-life of imidacloprid in soil is 48-190 days, depending on the amount of ground cover (it breaks down faster in soils with plant ground cover than in fallow soils) (Scholz and Spiteller, 1992) . Imidacloprid is degraded stepwise to the primary metabolite 6-chloronicotinic acid, which eventually breaks down into carbon dioxide (Hellpointer, 1994) . The half-life in water is much greater than 31 days at pH 5, 7 and 9 (355 days at pH 9, very stable at pH 5-7, unstable at pH 10-14; INRA, 2005) . The compound is stable in the laboratory: the half-life is 171 days under aerobic conditions with natural light (INRA, 2005) . The stability to freezing in methanol (temperature À181C) is greater than 1 year.
Occupational exposure limits are not known. An acceptable daily intake (ADI) of 0.05 mg/kg b.w. and an acceptable operator exposure level (AOEL) of 0.15 mg/kg b.w. have been reported by the Institut National de la Ricerche Agronomique (INRA, 2005) , France.
To our knowledge exposure to imidacloprid has not hitherto been investigated in greenhouses. One study was conducted (Calumpang and Medina, 1996) during spraying mango trees in the Philippines. Some studies have been conducted by our research group in greenhouses (Aprea et al., 1994 (Aprea et al., , 1999 (Aprea et al., , 2001 (Aprea et al., , 2002 and tunnels (Aprea et al., 2005) during stapling of ornamental plants treated with different pesticides (phosphoric esters or chlorthalonil).
Our primary objectives in this study were to evaluate exposure and occupational risk during manual operations with ornamental plants previously treated with imidacloprid in greenhouses and in intensive cultivation tunnels. Respiratory exposure was estimated by personal air sampling using fibreglass filters in an IOM device. Dermal exposure was assessed with skin pads and by hand washing. Residues of imidacloprid on leaves were assayed to determine the contamination of surfaces coming into contact with skin during re-entry after spraying and the dermal transfer factor. Specific aims were to evaluate inhaled and skin doses and to determine their contribution to total calculated doses. Absorbed doses were estimated by measurements obtained outside the body (concentrations in the respiratory zone and skin contamination) assuming 100% lung retention and 10% skin absorption. Imidacloprid was quantified by liquid chromatography-tandem mass spectrometry (LC/MS) with an electrospray interface (ESI) in all matrices. We also examined the relationship between hand contamination or respiratory dose and residues of imidacloprid on leaves and the influence of temperature and humidity on penetration of clothes by imidacloprid.
Methods

Subjects and Exposure Conditions
The study, carried out in the Region of Tuscany (Central Italy), was designed to evaluate exposure to imidacloprid in workers engaged in stapling ornamental plants in two different work places (greenhouses and tunnels). Study design was accepted by the company director. All greenhouses (no. 5) and tunnels (no. 3) treated with imidacloprid, were selected for the study. All subjects working on the specific activity in the days decided for monitoring were asked to participate, on a voluntary basis. All workers agreed to take part in the study and signed their informed consent. No instructions were given before the study because workers were expected to act in their usual way. Data regarding gender, age and working conditions, for example protective equipment employed, was obtained by questionnaire administered to all subjects by a specially trained interviewer.
Tunnels
In July 2005 five female workers (workers 1-5), 46-58 years of age (mean 54.2 ± 5.5 years) were monitored for a week (5 days from Monday to Friday). They were engaged in stapling ornamental plants (Scindapsus) to a mossy support in three 1200 m 3 tunnels having an area of 500 m 2 (tunnels 19, 40 and 41). The plants in the tunnels had been treated with 40 ml CONFIDOR 200 SL BAYER (17.8% or 200 g/l pure imidacloprid) in 100 l water (concentration of active ingredient 0.08 g/l) 45 h before re-entry of the workers. The work shift started every day at 7 a.m. and ended at 1.30 p.m. The duration of daily exposure was 351±9 (338-371) min (mean±SD (range)) and the total time the population worked in the tunnel after spraying was 5 days.
Workers 1, 2 and 3 worked in tunnel 40 from Monday to Thursday and in tunnel 41 on Friday, whereas workers 4 and 5 worked the whole period in tunnel 19. Stapling operations were performed mainly in sitting position with the plants 100-120 cm high. Second stapling was performed in tunnel 40 and first stapling in tunnels 19 and 41. The amount of vegetation differed in the two cases: vegetation was more abundant and more plants are stapled at the second stapling (24 versus 19 per hour for the first stapling). Photos 1 and 2 show, respectively, the first and second stapling operations. Temperature and humidity in the tunnels during the study period are shown in Table 1 .
Greenhouses
In May 2006 five female workers (workers 6-10), 24-58 years of age (mean 41±13 years), different from the workers in the tunnels, were monitored for 3 days (Monday to Wednesday; worker 10 was only monitored for 2 days, Tuesday and Wednesday). They were engaged in stapling ornamental Photo 1. Image of a worker during the first stapling in tunnel.
Photo 2. Image of a worker during the second stapling in tunnel. (greenhouses 4, 5, 6, 7, 8) . The plants in the greenhouses had been treated with 50 ml CONFIDOR 200 SL BAYER (17.8% or 200 g/l pure imidacloprid) in 100 l water (concentration of active ingredient 0.10 g/l) 41 h before re-entry of the workers. The work shift started every day at 8 a.m. and ended at 5 p.m., with a break for lunch from 12 a.m. to 1 p.m. The duration of exposure in a day was always 450 min and the total time that the population entered the tunnel after the spraying was 5 days from Monday to Friday.
Workers 6-10 worked in greenhouses 5 on Monday morning and in greenhouse 6 on Monday afternoon, in greenhouse 8 on Tuesday morning and in greenhouse 7 on Tuesday afternoon, in greenhouse 7 on Wednesday morning and in greenhouse 4 on Wednesday afternoon. Stapling operations were performed mainly in standing position and the plants were 70-80 cm high. Temperature and humidity in the greenhouses during monitoring are shown in Table 1 .
Protective clothing included long-sleeved cotton overalls, work shoes and gloves (two pairs of gloves, cotton against the skin and latex over-gloves in tunnels and one pair of gloves, cotton coated with latex in greenhouses).
Under the overalls they wore underwear and socks; only worker 4 wore a short-sleeved cotton t-shirt. Work clothing was changed at least twice a week in tunnels and one time a week in greenhouses; only worker 2 wore clean clothes every day. In tunnels the cotton gloves could be changed at the workers' discretion, whereas the latex gloves were changed when they developed holes; in greenhouses the gloves were changed once a week. Clothing was not usually removed at the end of the shift: all workers went home in their work clothes, whereas workers 1 and 4 changed before they went home. Workers were responsible for washing their own clothes.
Environmental Monitoring
Personal air sampling was carried out every day to determine the amount of active ingredient present in inhalable airborne dust. Aerosol sampling was carried out with a IOM device with Sartorius 25 mm diameter filters made of fibreglass without binder in portable SKC samplers at a flow rate of 2.0 l/min. Air sampling continued throughout the work shift (about 6 h in tunnels and 8 h in greenhouses).
Deposition of active ingredient on exposed skin (neck and head) was determined every day of the study period by means of a face pad (pad on exposed skin). To evaluate contamination of unexposed skin (under clothing), eight pads (pads on unexposed skin) were placed on skin as described in Table 2 . To evaluate the efficacy of protective clothing in reducing occupational exposure we also placed four pads on top of the outer clothing, on chest, upper back, left anterior thigh and right forearm. The pads consisted of squares of filter paper (49 cm 2 on body and 16 cm 2 on the face) secured with sticking plaster.
Hand contamination was evaluated by washing: 150 ml 95% ethanol was slowly poured over the workers' hands while they rubbed them together. The ethanol was collected in a disposable aluminium dish. After rubbing, the workers soaked their hands and especially nails in the solution for 30 s. This washing procedure was carried out before coffee break and/or before lunch, at the end of the shift and whenever the workers would normally have washed their hands. The handwash liquid was poured into each worker's personal container.
To avoid decomposition, all samples were shielded from the light with aluminium foil and stored in the freezer at À181C.
Determination of Dislodgeable Foliar Residues
To measure the residues of active ingredient that could be transferred from leaves to the workers' skin, leaf samples were obtained in each tunnel at 9 a.m. on each day of the study period and at 9 a.m. and at 4 p.m. in each greenhouse re-entered by workers.
Portions of leaves were sampled with a punch (Iwata et al., 1977) . Each sample consisted of 18 discs, 1.5 cm in diameter, from different leaves, making a total leaf surface area of Table 2 . Bodily location of pads on skin, skin area represented and mean percent contribution of each body part to total calculated dose on unexposed skin in greenhouses, first stapling in tunnels and second stapling in tunnels.
Site of pad
Skin area represented (% of body surface area) Contribution of each body part to total calculated dose on unexposed skin (%) Exposure to imidacloprod during re-entry Aprea et al.
cm
2 , considering only one side of the leaf. The 18 sampling points were chosen at the corners of a grid dividing the two sides of the tunnel or greenhouse into four equal quadrants. The leaves were chosen from those of intermediate size. Sampling was performed on the plants situated in the above positions, but replacement of plants made it impossible to sample the same leaves every day. The analysis therefore provides an indication about exposure of workers but not on decay of active ingredient. Samples were protected from the light with aluminium foil and stored in the freezer at À181C until analysis.
Analysis of Samples
Filters in Fibreglass Without Binder: The sample, spiked with chlorotoluron as internal standard (IS), was dried for 120 min and extracted with two 10 ml aliquots of methanol and then twice with 10 ml of acetone, and left in contact with the solvent for 30 min. Pooled extracts were evaporated to dryness in a vacuum centrifuge concentrator at 30±21C. The residue was made up with 1 ml water acidified with formic acid and injected in the LC/MS apparatus.
Pads:
The sample, spiked with chlorotoluron as IS, was dried for 120 min and extracted with three 10 ml aliquots of methanol in a vertical shaker. Pooled extracts were evaporated to dryness in a vacuum centrifuge concentrator at 30 ± 21C. The residue was made up with 1 ml water acidified with formic acid and injected in the LC/MS apparatus.
Handwash Liquid: Sample (10 ml), spiked with chlorotoluron as IS, was dried in a vacuum centrifuge concentrator at 30 ± 21C. The residue was made up with 1 ml water acidified with formic acid and injected in the LC/MS apparatus.
Leaves: Dislodgeable foliar residue (DFR) was obtained by washing the sample twice with 25 ml of a 0.01% solution of sodium dioctylsulphosuccinate, then with 25 ml water. The pooled wash liquid, spiked with chlorotoluron as IS, was extracted three times with 30 ml ethyl acetate. Pooled extracts were dehydrated with anhydrous sodium sulphate and evaporated to dryness in a vacuum centrifuge concentrator at 30 ± 21C. The residue was made up with 1 ml water acidified with formic acid and injected in the LC/MS apparatus. Precision, recovery and detection limits (DLs) of the analytical procedures are shown in Table 3 .
In each kind of sample, imidacloprid was quantified by addition to blank matrices. A sample of the same matrix not spiked with imidacloprid (blank) was also prepared. All spiked matrices and blanks underwent the same treatment as samples. Linear calibration curves were obtained by plotting the quotients of the peak area of imidacloprid and IS (chlorotoluron, Figure 1 ) as a function of concentration. The methods were linear (r ¼ 0.999) in the range 0-10 mg per sample for filters and pads, in the range 0-50 mg per sample for leaves and in the range 0-10 mg/ml for handwash liquid. Sample stability in the injection solvent was at least 3 days.
Calculation of Exposure Doses
Concentrations of imidacloprid in personal air samples were used to calculate the real respiratory dose (RD), assuming a lung ventilation of 15 l/min (Zhuang et al., 1993) . The equation used for the calculation is the following:
Daily skin contamination (excluding hands) of each worker was the sum of contamination of the various parts Exposure to imidacloprod during re-entry Aprea et al.
of the body represented by the respective pads. Contamination of each part of the body was obtained multiplying the concentrations on each pad (C i , mg/cm 2 ) by the areas of the respective parts (S i , cm 2 ), calculated from the percentages of total body surface area shown in Table 2 (Davis, 1980; Popendorf and Leffingwell, 1982) . Total body surface area was obtained for each worker using the formula of Du Bois and Du Bois (1916) . The equation used for the calculation is the following:
Real daily skin contamination was the sum of hand contamination, namely the quantity of imidacloprid found in handwash liquid, and contamination of the other parts of the body, estimated with pads placed on the skin.
To calculate absorbed doses from real doses, we assumed 10% skin penetration (Byers et al., 1992; Brouwer et al., 1992a) and 100% lung retention (Stephanou and Zourari, 1989; Fenske and Elkner, 1990; Byers et al., 1992; Brouwer et al., 1992a) .
Statistical Analysis
Statistical analysis of the data was performed using the Stat View statistical package (5.0. Power PC Version; SAS Institute Inc., Cary, NC, USA) or SAS PROC MIXED (SAS version 9.1; SAS Institute Inc.) with random statement for mixed-effects linear regression modelling. Parametric tests (simple and multiple regression analysis, Student's t-test for paired and unpaired data) were applied to natural logarithms of the data because the distribution was asymmetrical and resembled a log normal distribution. Significance was set at a ¼ 0.05. Values below the analytical DL were entered in the statistical analysis as half the DL.
Mixed-effects linear regression modelling was used to evaluate determinants of DFRs and handwash liquid, or DFRs and respiratory dose. We consider subjects and days as random effects.
Results
Residues of imidacloprid that could be transferred from leaves to the workers' skin during work (DFRs) were determined on the 5 days of the study in tunnels and on the 3 days of the study in greenhouses. The data (Table 4) had high day-to-day variability within and between workplaces (range 1.02-809.37 ng/cm 2 in tunnels and 99.87-1133.63 ng/cm 2 in greenhouses). It was not possible to determine the kinetics of decay of the pesticide because the samples were from different plants every day, for the reasons already stated.
The concentrations of imidacloprid in personal air samples and pads, as well as the quantity of active ingredient in handwash liquid, are shown in Table 5 . In general, the concentration of pesticide in inhalable airborne particulate was in the range 0.08-1.34 mg/m 3 , the quantities found in handwash liquid were in the range 0.30-328.13 mg, whereas in face pads (representing exposed skin) concentrations were 0.31-479.06 ng/cm 2 .
Comparison of log data from the first and second staplings in tunnels, by Student's t-test for unpaired data did not reveal any significant differences, except for hand contamination (P ¼ 0.0393). The same test applied for comparing data in tunnels and in greenhouses showed significant differences only for hand contamination (Po0.0001).
Concentrations found in face pads did not show any significant correlation with those of inhalable airborne particulate, indicating that exposed skin was contaminated by a different mechanism, possibly accidental contact of the face with contaminated hands, clothes or surfaces.
The quantity of imidacloprid measured in handwash liquid, was correlated by linear regression (n ¼ 39) with DFRs. The graph is showed in Figure 2 and the equation is the following:
The variance explained by the model was r 2 ¼ 37.3% (Po0.0001); the regression coefficients were significant (Po0.0001). Given the repeated and not independent structure of the exposure levels, the data were analyzed by mixed-effects linear regression modelling, in which the interdependency of the repeated data is accounted for. We observed a statistically significant influence of DFRs on hand contamination considering subjects and days as random effects (P ¼ 0.0028).
The transfer factor, ratio of hand contamination (ng/h) to DFR (ng/cm 2 ), obtained in the present study has a geometric mean of 36.4 cm 2 /h (132.1±374.0, range 1.46-2270.4) and no statistically significant difference was observed between tunnel and greenhouse workers.
With regard to pads placed on skin covered by clothes (pads on unexposed skin), Table 5 shows an interval of Exposure to imidacloprod during re-entry Aprea et al.
variation of values over as much as four orders of magnitude for the tunnels and two orders for the greenhouses. It is worth recalling that only one worker in tunnel put on clean overalls every day and this may explain this extremely wide range of values, as overalls can be a source of contamination of the skin they cover. High variability was also encountered for pads placed on top of outer clothing (pads on external clothing), though it was not as high as for pads on unexposed skin. Table 6 shows the results about the contamination of various parts of the body on the skin and over clothing. When looking at all the data combined, the anterior thighs were the most contaminated part of the body on the skin (geometric mean 1.34 ng/cm 2 ) and were significantly more contaminated than all other parts with the exception of forearm (geometric mean 0.85 ng/cm 2 ) and calf (geometric mean 0.89 ng/cm 2 ) (Student's test ''t'' for unpaired logarithmic data, Po0.05). The other areas of unexposed skin seemed to be contaminated in a homogeneous way: only forearm was significantly more contaminated than chest (geometric mean 0.69 ng/cm 2 ). Differentiating the data of tunnels and greenhouses, we see that, for tunnels the anterior thighs were the most contaminated part of the body (geometric mean 1.55 ng/cm 2 ) and were significantly more contaminated than all other parts, whereas for greenhouses the variability of the data was lower and we did not observe a statistically significant differences except between forearm (geometric mean 1.31 ng/cm 2 ) and anterior (geometric mean 1.07 ng/cm 2 ) or posterior thighs (geometric mean 0.98 ng/cm 2 ) or calf (geometric mean 1.66 ng/cm Exposure to imidacloprod during re-entry Aprea et al.
Differentiating the data of the first and second staplings in tunnels, we see that contamination seemed to be homogeneous in all area of unexposed skin during the first stapling whereas during the second stapling the anterior thighs (geometric mean 2.02 ng/cm 2 ) were the most contaminated part of the body and were significantly more contaminated than all other parts with the exception of posterior thighs (geometric mean 0.74 ng/cm 2 ). Another statistically significant difference was observed between arms (geometric mean 0.24 ng/cm 2 ) and upper back (geometric mean 0.31 ng/cm 2 ). Regarding pads placed over clothing (Table 6 ), the upper back was the part of the body where clothing was least contaminated, having few occasions for contact with plants; in the other body areas mean contamination levels were of the same order of magnitude as those of the face (Table 5 ), a part of the body exposed. Moreover, contamination of the upper back was in some cases higher inside than outside the clothing, in line with the hypothesis that contamination of skin may be partly due to not wearing a clean overall each day.
To determine the level of protection offered by clothes, we calculated the percentage penetration of imidacloprid in the various parts of the body where pads were placed, on top of and under the clothing. The results (Figure 3) show that percentage penetration was on average (geometric mean) dependent from body area, workplace and task. As far as the upper back is concerned, our previous comments are again valid, namely that skin contamination was probably not due to penetration of clothing but to accumulation of pesticide on overalls used for more than 1 day. The levels observed in this part of the body were, however, very low and not worthy of further study. Comparing the data obtained between the two staplings in tunnels, we found significantly higher penetration during the first stapling (Student's t-test for unpaired logarithmic data), but, this is probably related to differences in temperature and relative humidity between tunnels (Aprea et al., 2005) . Eliminating the data for the upper back, we can therefore say that under the present working conditions, the protection offered by the clothes worn (excluding gloves) averaged in tunnels 87.4% (geometric mean): 71.8% during the first stapling and 94.7% during the second. Dividing the data in tunnels on the basis of use of clean clothes or not we obtain a percent penetration (geometric mean) of 27.2% and 29.4%, respectively, during the first stapling and 4.7% and 9.2% during the second stapling. In greenhouses, considering all data because the monitoring period was shorter and workers do not use clean clothes, the protection offered by the clothes was 81.7% (geometric mean).
In order to examine the influence of temperature and relative humidity on penetration of clothes by imidacloprid, in tunnels we used a multiple regression model in which the dependent variable was percentage penetration (expressed as natural logarithm) and the independent variables mean temperature and relative humidity measured each day in tunnels. These parameters (temperature and humidity) were not significantly correlated.
Considering the data for all parts of the body except the upper back (n ¼ 75) the equation was: Exposure to imidacloprod during re-entry Aprea et al.
Ln % penetration ¼ À9.403 þ 0.322 mean daily temperature (1C) þ 0.041 mean daily relative humidity (%).
The variance explained by the model was r 2 ¼ 23.7% (Po0.0001); the regression coefficients were significant (P ¼ 0.0026, P ¼ 0.0066 and P ¼ 0.0422 for intercept, temperature and humidity, respectively).
Considering the chest data (n ¼ 25) the equation was:
Ln % penetration ¼ À9.789 þ 0.304 mean daily temperature (1C) þ 0.050 mean daily relative humidity (%).
The variance explained by the model was r 2 ¼ 46.9% (P ¼ 0.0009); the regression coefficients were significant (P ¼ 0.0089, P ¼ 0.0292 and P ¼ 0.0369 for intercept, temperature and humidity, respectively).
Considering the anterior thigh data (n ¼ 25) the equation was:
Ln % penetration ¼ À13.516 þ 0.544 mean daily temperature (1C) þ 0.005 mean daily relative humidity (%).
The variance explained by the model was r 2 ¼ 26.8% (P ¼ 0.0325); the regression coefficients were significant only for intercept (P ¼ 0.0300) and temperature (P ¼ 0.0228).
The model was not significant for the forearms where part of the skin contamination was presumably not due to penetration of clothing but rather to rolling up the sleeves and direct contamination. Clearly the multiple regression model used cannot completely describe the variance of the data, because other factors difficult to quantify (first or second stapling, cleanliness of clothes, leaf contamination levels and so forth) may contribute to it. The result obtained can, however, be useful for understanding the manner in which contamination occurred. The same model was not applied in greenhouses because the data were less and temperature and humidity were more stable day-to-day in the different workplaces.
Estimated, real and absorbed doses are summarized in Table 7 . The respiratory dose indicated is that calculated from the airborne concentration data obtained with the IOM device (inhalable airborne dust): the vapour form of imidacloprid was negligible as its partial pressure at 201C is only 0.20 mPa (Muccinelli, 2000) .
The respiratory dose of imidacloprid was correlated (all workers, n ¼ 39) by linear regression with DFRs. The graph is shown in Figure 4 and the equation is the following:
Ln respiratory dose (ng//h) ¼ 5.227 þ 0.122 Â ln DFR (ng/cm 2 ). The variance explained by the model was r 2 ¼ 12.1% (P ¼ 0.0300); the regression coefficients were significant Po0.05). The same analysis performed for skin doses, except hands, did not show any statistically significant correlation with DFR. To account for the repeated measures on the same subjects in different days, the data have been analyzed with mixed-effects linear regression modelling. We observe a statistically significant influence of DFRs on respiratory dose considering subjects and days as random effects (P ¼ 0.0302). Under the present working conditions, respiratory dose was (mean ± SD (range)) 4.1 ± 4.0 (0.1-14.3)% and 3.0 ± 2.0 (0.6-6.9)% of the total real dose during the work in tunnel and in greenhouses, respectively. Differentiating the data of the first and second staplings in tunnels, respiratory dose was 3.1±3.7 (0.1-12.4)% and 5. 1±4.3 (0.6-14. 3)% of the total real dose, respectively. The differences between the two work places and the two task operations were not significant.
Considering the estimated absorbed doses, the respiratory percentages (mean±SD) of the total were 25.0±19.1 (1.1-62.5)% and 22.2±12.1 (5.4-42.7)% during the work in tunnel and in greenhouses, respectively. Differentiating the data of the first and second staplings in tunnels the same percentages were 19.8 ± 18.5 (1.1-58.5)% and 30.5 ± 18.9 (5.7-62.5)%, respectively. Again, the differences were not significant between the two work places and the two tasks.
The percentages of real total cutaneous dose (mean±SD) due to contamination of hands, exposed skin (head and neck) and unexposed skin were 28.5±24.1 (0.04-90.6)%, 36.3±32.1 (0.4-96.2)% and 35.2±24.1 (2.5-78.2)%, respectively, during the work in tunnels and 84.1 ± 11.1 (62.7-96.7)%, 2.4 ± 2.8 (0.2-8.3)% and 13.5 ± 9.1 (2.7-29.0)% during the work in greenhouses. The differences between the two work places were significant (P ¼ 0.0004 for hands, Po0.0001 for exposed skin and P ¼ 0.0093 for unexposed skin).
Differentiating the data of the first and second staplings in tunnels the same percentages were 32.5±28.04 (0.04-90.6), 39.1 ± 37.9 (0.4-96.2) and 28.4 ± 23.8 (3.7-76.8), respectively, during the first stapling and 24.1 ± 19.1 (2.5-57.9), 33.2 ± 25.7 (1.1-82.9) and 42.6 ± 23.2 (2.5-78.2) during the second stapling operation. The differences between the two operations were not significant. Table 1 shows the percent contribution of each body part to total calculated dose on unexposed skin for the Abbreviation: b.w., body weight.
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greenhouses, the first and second stapling in tunnels. In general, we can say that during the work in greenhouses, arms and upper back and shoulders were the areas of the body contributing less to dose, whereas the contribution of other body part is similar. During the first stapling operation, anterior thighs and hips, arms, shoulders, chest and upper back were the areas of the body contributing most to dose. During the second stapling the main contribution was from anterior thighs and hips. These observations are in line with the results of the pads. Contamination of the anterior thighs and hips can not only be ascribed to contact of overalls with contaminated plants, but also to secondary contamination occurring during urination. The comparison of absorbed and real doses with ADI shows that in no case did the calculated doses exceed the ADI of 50 mg/kg b.w. reported for imidacloprid (INRA, 2005) : in the case of absorbed doses, the ratio with ADI was between 0.001 and 0.045; in the case of real doses the ratio was between 0.006 and 0.445.
Discussion
The sampling procedures used for airborne imidacloprid in the present study were previously used in similar occupational situations for other active ingredients (Aprea et al., 1994 (Aprea et al., , 2001 (Aprea et al., , 2005 . Evaluation of skin exposure by pads of filter paper and hand washing with ethanol has also been reported in previous studies (Aprea et al., 1994 (Aprea et al., , 1999 (Aprea et al., , 2001 (Aprea et al., , 2002 (Aprea et al., , 2005 . The sample extraction methods are fast, with good recovery of analyte and good within and between series precision. LC/MS was sufficiently specific to dispense with purification of the extract. The DLs were sufficiently low to enable detection of analyte in most environmental samples, even under low exposure conditions such as those in the present study. Sample storage conditions ensured stability of the active ingredient in all matrices for the time necessary to carry out all the analyses.
Inhalable airborne particulate was used to assess personal respiratory exposure to imidacloprid as the vapour pressure of imidacloprid (0.20 mPa at 201C) (Muccinelli, 2000) is too low for a significant presence of vapour.
The data obtained for inhalable airborne particulate (mean±SD 0.44±0.26 mg/m 3 , range 0.08-1.34 mg/m 3 ), was of the same or a lower order of magnitude with respect to those observed by us for other pesticides in previous studies: during stapling of ornamental plants (Scindapsus) in greenhouses, omethoate was found in concentrations in the range 0.32-0.66 mg/m 3 on the first day of re-entry (Aprea et al., 1994) , whereas during various manual operations (positioning, spacing, selection and watering) in greenhouses treated with the same pesticide, personal exposure was in the range 0.26-0.96 mg/m 3 (Aprea et al., 2001 ). In the case of stapling of ornamental plants treated with chlorthalonil, personal exposure varied in the range 3.14-11.57 mg/m 3 (Aprea et al., 2002) , and during stapling of Scindapsus treated with omethoate in tunnels, the concentration of active ingredient in personal air samples was in the range 0.32-1.14 mg/m 3 (Aprea et al., 2005) .
In the present study, skin contamination was evaluated by a modification of the conventional pad method proposed by Durham and Wolfe (1961) . The pads on various parts of exposed and unexposed skin were considered representative of the various parts of the body on which contamination was assumed to be homogeneous.
Pesticide in the form of aerosol is a source of respiratory exposure and contamination of exposed skin. The concentration of imidacloprid measured in face pads did not, however, show any significant correlation with that in personal air samples, probably due to the fact that contamination of exposed skin can be attributed both to deposition of airborne particulate and to contact with contaminated hands and/or clothes. The present results (range 0.16-479.06 ng/cm 2 ) are of the same order of magnitude or higher than those reported in other studies on different pesticides: during various manual operations (positioning, spacing, selection and watering) in greenhouses treated with omethoate, the range of variation was 4.09-27.10 ng/cm 2 (Aprea et al., 2001) , during stapling in tunnels treated with omethoate, the range of variation was 0.75-7.56 ng/cm 2 (Aprea et al., 2005) , and finally during stapling of Scindapsus treated with chlorthalonil, contamination values were in the range 1.50-60.69 ng/cm 2 (Aprea et al., 2002) .
Hands were regularly contaminated with imidacloprid, but the levels observed were probably due to contamination inside gloves. The results (range 0.30-328.13 mg) were similar to those of previous studies of other pesticides in the same workplace: stapling of Scindapsus in greenhouses was associated with contamination of the hands by omethoate in the range 8.5-17.9 mg during the first day of re-entry (Aprea et al., 1994) ; during stapling of ornamental plants in tunnels, hand contamination was in the range 3.6-72.90 mg (Aprea et al., 2005) ; during manual operations in greenhouses treated with omethoate, hand contamination was in the range 2.3-868.00 mg (Aprea et al., 2001) ; finally, during stapling of Scindapsus treated with chlorthalonil, levels were in the range 31.64-289.56 mg (Aprea et al., 2002) .
From the dependence of dermal exposure of hands from DFRs, a mean transfer factor was estimated to be 36.4 cm 2 /h. This value was similar to those obtained during stapling of Scindapsus treated with chlorthalonil in the same workplace (Aprea et al., 2002) but was lower than those obtained in other studies conducted by different laboratories, concerning exposures to several pesticides: during crop activities (cutting, sorting and bundling) for roses culture in greenhouses a transfer factor of 1200, 4550 and 2400 cm 2 /h was estimated for abamectin, dodemorph and bupirimate, respectively (Brouwer et al., 1992c) . During mechanical tomato harvesting a transfer factor of 40 cm 2 /h were reported from undershirt analysis, whereas a value of about 450 cm 2 /h was obtained from potential skin exposure data (Spencer et al., 1991) . In the cultivation of carnations, a transfer factor of 4500 cm 2 /h of the pesticide from leaves to hands was obtained on the basis of potential hand exposure data using long-sleeved cotton gloves to collect pesticide (Brouwer et al., 1992b) . A transfer factors were developed in the present study to describe the rate of transfer of foliar pesticide residues to the skin during occupational activity; dermal exposure of hands to imidacloprid during stapling of ornamental plants in greenhouses and tunnels can be predicted from measurements of DFR.
Regarding pads on unexposed skin, the presence of pesticide could be due to incomplete closure of overalls on the chest, rolling up of sleeves, passage through openings (trouser legs, sleeve cuffs and collar) and by penetration through the fabric or seams and zips. The concentrations found in pads on unexposed skin (0.06-625.33 ng/cm 2 ) were similar to those observed in other studies on different pesticides in the same type of workplace: during manual operations in greenhouses treated with omethoate, concentrations were in the range 4.09-53.42 ng/cm 2 (Aprea et al., 2001) , during stapling of ornamental plants in tunnels the results were in the range 0.25-2200.26 ng/cm 2 (Aprea et al., 2005) , and during stapling of Scindapsus treated with chlorthalonil, contamination was in the range 0.04-318.78 ng/cm 2 (Aprea et al., 2002) . Examination of the results of specific parts of the body shows, for example on the chest, concentration of imidacloprid in the range 0.10-12.20 ng/cm 2 whereas during stapling of ornamental plants in greenhouses treated with omethoate, the range was 0.85-1.49 ng/cm 2 (Aprea et al., 1994) , and during stapling of ornamental plants treated with omethoate in tunnels 0.50-96.45 ng/cm 2 (Aprea et al., 2005) . As respiratory exposure is a result of dispersion of foliar dust containing pesticides, in the present study respiratory dose of imidacloprid (ng/h) was correlated with DFRs. Other authors (Brouwer et al. 1992b ) observed a significant correlation between the concentrations in the breathing zone after dusting of zineb and chlorothalonil with the DFR. A significant correlation was instead not observed between skin doses, except hands, and DFRs probably because the contamination of exposed (head and neck) and unexposed skin (covered by clothes) was determined primarily by other factors such as contact with contaminated hands and/or clothes in the first case and accumulation of pesticide on overalls used for more than 1 day (the workers did not wear a clean overall each day) in the second case.
In the present study, the mean respiratory dose was less than skin contamination, being 4.1% ± 4.0% and 3.0% ± 2.0% of the total actual dose in tunnels and in greenhouses, respectively. These percentages are in the range observed during various manual tasks carried out in greenhouses treated with omethoate: 16.2%, 3.8%, 3.4% and 0.0% for the operations of spacing, positioning, selection and watering, respectively (Aprea et al., 2001 ) and were higher than those observed for stapling of ornamental plants in tunnels treated with omethoate (1.9 ± 1.1% and 0.7 ± 0.6% in two tunnels) (Aprea et al., 2005) . It is lower than that observed during stapling of Scindapsus treated with chlorthalonil (11.4±5.1%) (Aprea et al., 2002) .
With regard to skin dose, the main contribution came from exposed skin in tunnels (about 36%) and from hands contamination in greenhouses (about 84%). This difference probably can be due to the plant height (70-80 cm in greenhouses and 100-120 cm in tunnels) and to the position of workers during stapling (sitting in tunnels and standing in greenhouses). In tunnels the contact of exposed skin (head and neck) with plants had a major occurrence than in greenhouses. The results obtained in the present study are different from those observed during various manual task in greenhouses treated with omethoate, when mean hand contamination was 51%, 28%, 75% and 79% during spacing, positioning, selection and watering, respectively, of ornamental plants, whereas for the same tasks, contamination of unexposed skin averaged 0.0%, 27%, 16% and 15% (Aprea et al., 2001) . The results of the present study are also different from those obtained during stapling of ornamental plants treated with omethoate in tunnels, when on average about 9% of the cutaneous dose was from hand contamination, about 2% from exposed skin and about 89% from unexposed skin (Aprea et al., 2005) . They were also different from those obtained during stapling of Scindapsus in greenhouses treated with chlorthalonil, when the same percentages were 52%, 3.1% and 45%, respectively (Aprea et al., 2002) .
Regarding contamination of unexposed skin it is interesting that the part of the body providing the greatest contribution to the total was the anterior thighs and hips in tunnels and greenhouses. The contamination of this body area can not only be ascribed to contact of overalls with contaminated plants, but also to secondary contamination occurring during urination. Pesticide may be transferred as the overalls are lowered to urinate and by contact of overalls with plants at this level during stapling. This is confirmed in previous studies during stapling of ornamental plants treated with chlorthalonil (Aprea et al., 2002) .
Workplace dermal exposure assessment is a complex task that aims to understand the dynamic interaction between the skin and the hazardous substances present in the surrounding environment. In our study, with regard to pads, hands contamination and skin doses, the interval of variation of values is very high, and only partially explained by variables such as DFRs and microclimatic conditions. Many other factors, not easy to control, can contribute to exposure, for example the use of clean protective clothing on the day of monitoring, accidental contamination due to contact with contaminated surfaces or work rate. Our data are enough numerous and keep in account the within-worker and the between-worker variability so the ranges indicated and the geometric mean of data are representative for the monitored work conditions. Other author investigate the variability of dermal exposure of agricultural groups of re-entry workers showing very little between-worker variability, but when the between-body-location component was also addressed, it turned out to be the most prominent component (Kromhout and Vermeulen, 2001) . In further studies (Kromhout et al. 2004; Rajan-Sithamparanadarajah et al., 2004) , dermal exposures for a given scenario and between scenarios varied by several orders of magnitude and hands were found to be the most contaminated parts of the body.
Estimated absorbed doses of imidacloprid were compared with the ADI, which is 50 mg/kg b.w. (INRA, 2005) , namely the quantity of pesticide that can be absorbed daily over a lifetime without toxic effects. Although ADI is calculated for the general population, exposed to pesticide residues in food, it is often used as a reference value, below which occupational risk is estimated to be negligible. Absorbed doses calculated in the present study using the respiratory and cutaneous exposure data (estimates conducted outside the body), were well below the ADI on all days of the monitoring period for both work places. This demonstrates that the organization of the work or at least the protective clothing used when stapling plants in the tunnels or greenhouses ensured protection of the workers against exposure. The protection offered by the clothes worn averaged about 87% in tunnels and 82% in greenhouses. The differences observed between tasks in tunnels (about 72% protection during the first stapling and 95% during the second stapling) could be due to the different microclimatic conditions in individual tunnels. Higher temperature and humidity in tunnel 19 (first stapling) seemed to promote greater penetration of the active ingredient through clothing leading to greater contamination of unexposed skin even with less external contamination of clothes.
Even less reason for concern is provided by comparison of our results with the AOEL which is 0.15 mg/kg b.w. (INRA, 2005) . The AOEL is defined as the maximum quantity of active substance to which a worker can be exposed without adverse effects on health. It represents the dose absorbed by all exposure routes available for systemic distribution.
In the scientific literature, there is only one assessment of exposure to imidacloprid: a study on six workers spraying mango trees in the Philippines in 1994 (Calumpang and Medina, 1996) . External cutaneous exposure was assessed by the quantity of active ingredient found in the prescribed protective clothing, which were cotton tunics, skin was swabbed using gauze soaked in ethanol and cellulose absorbent pads were placed under protective garment of selected body parts. Most parts of the body did not show detectable residues of active ingredient. Residues detected in the upper part of the body (arms, forearms and shoulders) were in the range 11-54 ng/cm 2 . With regard to facial exposure, detectable concentrations were only found in three workers and were in the range 146-260 ng/cm 2 . Penetration of the clothes was extremely limited and detectable only on the shoulder of one worker. Hand contamination was detected in five of six workers at concentrations in the range 25-182 ng/cm 2 . Concentrations in Tenax vials used for personal air sampling were always below the DL of the method used. Cutaneous exposure estimated for the six workers was in the interval 1.5-7.6 mg per person per day. The authors concluded that estimated exposure did not exceed tolerable dermal exposure levels, calculated to be 2 mg per person per day on the basis of a NOEL of 1 mg/kg b.w. using the formula: tolerable dose ¼ NOEL Â 50 kg b.w./25 (safety factor).
With respect to the method of the present study, the above method is limited by an inadequate estimate of respiratory exposure by means of Tenax vials, which do not capture inhalable particulate but only vapour. As already mentioned, the vapour form of imidacloprid is negligible due to its very low vapour pressure. With regard to cutaneous exposure, despite the very different working conditions, the results of the Filipino study are not very different from those found by us in the present study.
Regarding biological monitoring of exposure to imidacloprid, there is very little data in the literature. In one study conducted during spraying of imidacloprid in mango orchards in the Philippines in 1994 (Calumpang and Medina, 1996) , the active ingredient as such and the metabolite 6-chloronicotinic acid were assayed in urine of the six workers. Analysis by high performance LC/UV with DLs of 0.025 and 0.20 mg/l, respectively, failed to find the two analytes. In a more recent study (Uroz et al., 2001) to develop a method of analysis for the main metabolite of imidacloprid, 6-chloronicotinic acid, urine of six workers in a greenhouse in Almeria, Spain, was collected. Analysis by GC/MS/MS with a DL of 16 ng/l and a quantification limit of 56 ng/l failed to detect the metabolite in any sample (Uroz et al., 2001) . In a further report of two cases of fatal poisoning due to imidacloprid (Proenca et al., 2005) , blood and urine of the victims were analysed post mortem for imidacloprid, 6-chloronicotinic acid and 5-hydroxyimidacloprid. Analysis by LC/MS showed 12.5 and 2.05 mg/l of active ingredient in blood of the two victims and 0.29 mg/l in urine of one victim. Urine of the other victim was not available. The metabolites were not found in either matrix.
The results of the above assays of metabolites discouraged us from attempting similar assays in the present study. The lack of studies on excretion of metabolites for imidacloprid makes difficult to confirm the absorbed dose calculated in the present study using data of respiratory and skin exposure. Recently other authors (Bouchard et al., 2008) estimate the absorbed doses of carbaryl in a group of horticultural greenhouse workers using cumulative urinary excretion of 1-naphthol over a 24-h period following the onset of a work exposure.
In conclusion, the results of the present study indicate low levels of exposure of workers stapling ornamental plants in tunnels or greenhouses previously treated with imidacloprid. Absorbed doses, estimated from the cutaneous and respiratory exposure data, were lower than the ADI throughout the working period monitored.
As cutaneous doses were higher than respiratory doses, greater measures should be taken to reduce skin contamination, especially under microclimatic conditions of high temperature and humidity, which seem to facilitate passage of the pesticide through clothing.
